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(54) Process for depositing a Halogen-doped Si02 layer 

(57) A silicon oxide film is deposited on a substrate 
by first introducing a process gas into a chamber. The 
process gas includes a gaseous source of silicon (such 
as si lane), a gaseous source of fluorine (such as SiF 4 ), 
a gaseous source of oxygen (such as nitrous oxide), 
and a gaseous source of nitrogen (such as N 2 ). A 
plasma is formed from the process gas by applying a 
RF power component. Deposition is carried out at a rate 
of at least about 1 .5 mm/min. The resulting FSG film is 
stable and has a low dielectric constant. 
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Description 

The present invention relates to the deposition of 
halogen -doped dielectric layers during wafer process- 
ing, and more specifically to a method and apparatus for 
forming a high deposition rate halogen-doped silicon 
oxide layer having a low dielectric constant and high film 
stability. 

One of the primary steps in the fabrication of mod- 
ern semiconductor devices is the formation of a thin film 
on a semiconductor substrate by chemical reaction of 
gases. Such a deposition process is referred to as 
chemical vapor deposition or "CVD." Conventional ther- 
mal CVD processes supply reactive gases to the sub- 
strate surface where heat-induced chemical reactions 
produce a desired film. The high temperatures at which 
some thermal CVD processes operate can damage 
device structures having metal layers. 

Another CVD method of depositing layers over 
metal layers at relatively low temperatures includes 
plasma enhanced CVD (PECVD) techniques. Plasma 
CVD techniques promote excitation and/or dissociation 
of the reactant gases by the application of radio fre- 
quency (RF) energy to a reaction zone near the sub- 
strate surface, thereby creating a plasma. The high 
reactivity of the species in the plasma reduces the 
energy required for a chemical reaction to take place, 
and thus lowers the required temperature for such CVD 
processes. The relatively low temperature of a PECVD 
process makes such processes ideal for the formation 
of insulating layers over deposited metal layers and for 
the formation of other insulating layers. 

Semiconductor device geometries have dramati- 
cally decreased in size since such devices were first 
introduced several decades ago. Since then, integrated 
circuits have generally followed the two year/half -size 
rule (often called "Moore's Law"), which means that the 
number of devices that will fit on a chip doubles every 
two years. Today s wafer fabrication plants are routinely 
producing integrated circuits having 0.5-^m and even 
0.35-|im features, and tomorrow's plants soon will be 
producing devices having even smaller geometries. 

As devices become smaller and integration density 
increases, issues that were not previously considered 
important by the industry are becoming of concern. 
With the advent of multilevel metal technology in which 
three, four, or more layers of metal are formed on the 
semiconductors, one goal of semiconductor manufac- 
turers is lowering the dielectric constant of insulating 
layers deposited between the metal layers. Such layers 
are often referred to as inter metal dielectric (IMD) lay- 
ers. Low dielectric constant films are particularly desira- 
ble for IMD layers to reduce the RC time delay of the 
interconnect metallization, to prevent cross-talk 
between the different levels of metallization, and to 
reduce device power consumption. 

Many approaches to obtain lower dielectric con- 
stants have been proposed. One of the more promising 



solutions is the incorporation of fluorine or other halo- 
gen elements, such as chlorine or bromine, into a silicon 
oxide layer. It is believed that fluorine, the preferred hal- 
ogen dopant for silicon oxide films, lowers the dielectric 
5 constant of the silicon oxide film because fluorine is an 
electronegative atom that decreases the polarizability of 
the overall SiOF network. Fluorine<Joped silicon oxide 
films are also referred to as fluorinated silicon glass 
(FSG) films. 

10 FSG films may be deposited using fluorine sources 
such as CF 4 , C2F 6 , and NF 3 . One particular method of 
depositing an FSG film forms a plasma from a process 
gas that includes silicon tetrafluoride (SiF 4 ) as the fluo- 
rine source, silane (SiH 4 ) and 0 2 precursors. It is 

15 believed that SiF 4 is a particularly effective fluorine 
source for FSG films because the four fluorine atoms 
bonded to a silicon atom in a molecule of the gas supply 
a higher percentage of fluorine into the deposition 
chamber for a given flow rate as compared with other 

20 fluorine sources. Additionally, SiF 4 has more fluorine 
bonded to silicon available for the plasma reaction than 
other fluorine sources. 

Thus, manufacturers desire to include fluorine in 
various dielectric layers and particularly in inter metal 

25 dielectric layers. One problem encountered in the depo- 
sition of FSG layers is film stability. Loosely bound fluo- 
rine atoms in the lattice structure of some FSG films 
result in the films having a tendency to absorb moisture. 
The absorbed moisture increases the film's dielectric 

30 constant and can cause further problems when the film 
is exposed to a thermal process such as an anneal 
process. 

The high temperature of the thermal processes can 
move the absorbed water molecules and loosely bound 

35 fluorine atoms out of the oxide layer through metal or 
other subsequently deposited layers. The excursion of 
molecules and atoms in this manner is referred to as 
outgassing. Such outgassing can be determined by 
detecting fluorine, hydrofluoric acid (HF) or H 2 0 leaving 

40 the film as the film is heated to a specified temperature. 
It is desirable to have little or no outgassing at tempera- 
tures up to at least the maximum temperature used dur- 
ing substrate processing after the FSG film has been 
deposited (e.g.. up to 450°C in some instances). 

45 Generally, the dielectric constant of an FSG film is 
related to the amount of fluorine incorporated into the 
film. An increase in the fluorine content of the film gen- 
erally decreases the dielectric constant of the films. 
FSG films having a high fluorine content (e.g., above 7 

so or 8 atomic percent [at. %] fluorine), however, are more 
likely to have moisture absorption and outgassing prob- 
lems than films of a lower fluorine content (e.g., lower 
than 7 or 8 at. % fluorine). Therefore, the development 
of oxide films having low dielectric constants are neces- 

55 sary to keep pace with some emerging technologies. 

In addition, a method of increasing the stability of 
halogen-doped oxide films, and in particular, high fluo- 
rine content FSG films, thereby reducing moisture 
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absorption and outgassing in the films, is also desirable. 

Another concern of manufacturers is the throughput 
of the process. In order to have a high throughput, the 
deposition rate of the process has to be high. Hence, in 
addition to being stable, the film should have a high dep- s 
osition rate to enhance deposition efficiency. 

The present invention provides a halogen-doped 
layer having a low dielectric constant and improved sta- 
bility even at high halogen-doped levels. The invention 
also provides a method and apparatus for forming such 10 
a layer at a high deposition rate. Film stability is 
improved by introducing a nitrogen source gas and a 
halogen source gas into a deposition chamber along 
with silicon and oxygen sources. A plasma is then 
f or med from the gases to d eposit a hal ogen -doped I ay er 75 
over a substrate disposed in the chamber. It is believed 
that the introduction of the nitrogen source reduces the 
amount of free or loosely bonded fluorine in the layer, 
thereby enhancing the stability of the layer. 

An FSG film is deposited according to a preferred 20 
embodiment of the method of the present invention. In 
this embodiment, the nitrogen source gas is N 2 . and the 
halogen source gas is Si F 4 . The oxygen source may be 
from N 2 0. and the silicon source is SiH 4 . The ratio of N 2 
to SiF 4 is between about 3 to 20, and the ratio of N 2 to 25 
SiH 4 is between about 3 to 10. In addition, the ratio of 
N 2 to N 2 0 is between about 0.5 to 4. An FSG film 
deposited according to this embodiment can incorpo- 
rate up to at least 1 6 at. % fluorine as measured using 
Secondary Mass Ion Spectroscopy (SIMS). In addition, 30 
the film shows substantially no fluorine or HF outgas- 
sing from the layer when heated to a temperature up to 
at least 475°C and 500°C, respectively. In a more pre- 
ferred embodiment of the method of the present inven- 
tion, near the completion of the deposition step, the flow 35 
of SiF 4 is stopped several seconds before the flows of 
the other process gases are stopped. Employing this 
sequence helps further reduce loosely bonded fluorine 
in the film and allows for the deposition of an FSG film 
that has up to at least 16 at. % fluorine and shows sub- 40 
stantially no fluorine, HF, or H 2 0 outgassing from the 
layer when heated to a temperature up to at least 
700°C. 

These and other embodiments of the present 
invention, along with many of its advantages and fea- 45 
tures, are described in more detail in the text below and 
the attached figures. 

Further preferred embodiments of the invention and 
the features thereof are given in the appended claims 
and subclaims. so 

Preferred embodiments of the invention will now be 
described in detail in conjunction with the accompany- 
ing drawings in which 

Figs. 1A and 1B are vertical, cross-sectional views ss 
of one embodiment of a chemical vapor deposition 
apparatus according to the present invention; 
Figs. 1 C and 1 D are exploded perspective views of 



parts of the CVD chamber depicted in Fig. 1 A; 
Fig. 1E is a simplified diagram of system monitor 
and CVD system 10 in a multichamber system, 
which may include one or more chambers; 
Fig. 1 F shows an illustrative block diagram of the 
hierarchical control structure of the system control 
software, computer program 70, according to a spe- 
cific embodiment; 

Fig. 2 A-2B are flow charts illustrating process steps 
in the formation of an insulating layer according to 
preferred embodiments of the method according to 
the present invention; 

Fig. 2C is a chart illustrating the effect of the various 
parameters of the process on the doping efficiency, 
the deposition rate, and the quality ol the film; 
Fig. 3A-3B are simplified cross-sectional views of 
an insulating film deposited as a cap layer accord- 
ing to the present invention; 
Figs. 3C-3D are simplified cross-sectional views of 
an insulating film deposited according to the 
present invention in a damascene process; and 
Figs. 4A-4L are different test results showing the 
effect of increasing fluorine concentration on the 
stability of the insulating film of the present inven- 
tion. 

I. Introduction 

The present invention provides a high deposition 
rate insulating layer having a low dielectric constant and 
increased film stability. The invention also provides a 
method and apparatus for forming such an insulating 
layer. The improved stability and low dielectric constant 
characteristics are obtained by the introduction of a 
nitrogen source, for example, N 2 . into the process gas. 

As previously discussed, an FSG film with a higher 
fluorine content generally has a lower dielectric con- 
stant as compared to a similar film with a lower fluorine 
content. SiF 4 is a particularly effective fluorine source 
as it has four fluorine atoms bonded to a silicon atom 
thereby supplying a higher percentage of fluorine into 
the deposition chamber for a given flow rate as com- 
pared with other fluorine sources. However, an excess 
of free fluorine in the plasma can adversely affect the 
stability of the film. This is because the excessive free 
fluorine typically reacts to form SiF 2 bonds in the film, 
and SiF 2 bonds tend to absorb water and form HF and 
silanol (SiOH). This is undesirable as HF may outgas 
from the film, thereby causing the film to subsequently 
flake or crack. In addition, SiOH, which remains in the 
film, degrades the dielectric constant of the film over a 
period of time when the film is exposed to humidity and 
temperature stresses. 

Hence, a method for removal of free fluorine from 
the plasma to prevent formation of SiF 2 in the film is 
important to ensure film stability. It is believed that the 
nitrogen gas reacts with free or loosely bonded fluorine 
atoms during deposition to form NF 2 or NF 3 , which are 
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volatile gases that may be easily removed from the 
chamber during and after deposition. Hence, such free 
or loosely bonded fluorine atoms are prevented from 
being part of the various reactions that form the growing 
film . This in turn results in fewer loosely bonded fluorine 
atoms being incorporated into the FSG layer. Because 
fewer loosely bonded fluorine atoms are in the FSG 
layer, outgassing in subsequent processing stages is 
also reduced, thereby ensuring film stability. 

In addition, SiF 4 is also a particularly suitable fluo- 
rine source for high deposition rate processes. Gener- 
ally, an increase in the fluorine content of CF 4 , C 2 F 6f 
and NF 3 FSG films correlates to more etching of the film 
while it is deposited. In contrast, while an increase in the 
fluorine content of an SiF 4 FSG film improves the die- 
lectric constant of the film, minimal additional etch of the 
film is effected by the increased fluorine content. Hence, 
the use of SiF 4 as the fluorine source further enhances 
the deposition efficiency. 

In a preferred embodiment, the process gas 
includes fluorine provided by SiF 4 , silicon provided by 
SiH 4t oxygen provided by N 2 0, and nitrogen provided 
by N 2 . The film is deposited at a rate of about 1 .5-1 .8 
mm/mi n. The dielectric constant of the film is about 3.3- 
3.5 as measure by the C-V curve at 1 MHz in the metal 
insulator semiconductor (MIS) structure. The film con- 
tains about 7 percent SiF (as measured by Fourier 
transform infrared (FTIR) spectroscopy of the peak 
height ratio of SiF bonds to SiF+SiO bonds), and can 
incorporate up to at least 16 at. % fluorine as measured 
using SIMS. Finally, when deposited according to a pre- 
ferred embodiment of the method of the present inven- 
tion, the film shows substantially no fluorine, HF, or H 2 0 
outgassing from the layer when heated to a temperature 
up to at least 700°C. 

II. An Exemplary CVD System 

One suitable CVD apparatus in which the method 
of the present invention can be carried out is shown in 
Figs. 1A and 1B, which are vertical, cross-sectional 
views of a CVD system 10, having a vacuum or 
processing chamber 15 that includes a chamber wall 
15a and chamber lid assembly 15b. Chamber wall 15a 
and chamber lid assembly 15b are shown in exploded, 
perspective views in Figs. 1C and 1 D. 

CVD system 10 contains a gas distribution manifold 
11 for dispersing process gases to a substrate (not 
shown) that rests on a heated pedestal 12 centered 
within the process chamber. During processing, the 
substrate (e.g. a semiconductor wafer) is positioned on 
a flat (or slightly convex) surface 12a of pedestal 12. 
The pedestal can be moved control lably between a 
lower loading/off-loading position (depicted in Fig. 1A) 
and an upper processing position (indicated by dashed 
line 14 in Fig. 1 A and shown in Fig. 1B), which is closely 
adjacent to manifold 11. A centerboard (not shown) 
includes sensors for providing information on the posi- 



tion of the wafers. 

Deposition and carrier gases are introduced into 
chamber 15 through perforated holes 13b (Fig. 1 D) of a 
conventional flat, circular gas distribution or faceplate 

5 13a. More specifically, deposition process gases flow 
into the chamber through the inlet manifold 11 (indi- 
cated by arrow 40 in Fig. 1B), through a conventional 
perforated blocker piate 42 and then through holes 13b 
in gas distribution faceplate 13a. 

10 Before reaching the manifold, deposition and car- 
rier gases are input from gas sources 7 through gas 
supply lines 8 (Fig. 1 B) into a mixing system 9 where 
they are combined and then sent to manifold 1 1 . Gener- 
ally, the supply line for each process gas includes (i) 

75 several safety shut-off valves (not shown) that can be 
used to automatically or manually shut-off the flow of 
process gas into the chamber, and (ii) mass flow con- 
trollers (also not shown) that measure the flow of gas 
through the supply line. When toxic gases are used in 

20 the process, the several safety shut-off valves are posi- 
tioned on each gas supply line in conventional configu- 
rations. 

The deposition process performed in CVD system 
10 can be either a thermal process or a plasma- 

25 enhanced process. In a plasma-enhanced process, an 
RF power supply 44 applies electrical power between 
the gas distribution faceplate 13a and the pedestal so 
as to excite the process gas mixture to form a plasma 
within the cylindrical region between the faceplate 13a 

30 and the pedestal. (This region will be referred to herein 
as the "reaction region"). Constituents of the plasma 
react to deposit a desired film on the surface of the sem- 
iconductor wafer supported on pedestal 12. RF power 
supply 44 may be a mixed frequency RF power supply 

35 that typically supplies power at a high RF frequency 
(RF1) of 13.56 MHz and at a low RF frequency (RF2) of 
360 KHz. Alternatively, the power supply may only sup- 
ply high frequency RF power at 13.56 MHz or low fre- 
quency RF power at 360 KHz. RF power supply 44 is 

40 used to enhance the decomposition of reactive species 
introduced into the vacuum chamber 15. In a thermal 
process, RF power supply 44 would not be utilized, and 
the process gas mixture thermally reacts to deposit the 
desired films on the surface of the semiconductor wafer 

45 supported on pedestal 12, which is resistively heated to 
provide thermal energy for the reaction. 

During a plasma- enhanced deposition process, the 
plasma heats the entire process chamber 10, including 
the walls of the chamber body 15a surrounding the 

so exhaust passageway 23 and the shut-off valve 24. 
When the plasma is not turned on or during a thermal 
deposition process, a hot liquid is circulated through the 
walls 1 5a of the process chamber to maintain the cham- 
ber at an elevated temperature. Fluids used to heat the 

55 chamber walls 15a include the typical fluid types, i.e., 
water-based ethylene glycol or oil-based thermal trans- 
fer fluids. This heating beneficially reduces or eliminates 
condensation of undesirable reactant products and 
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improves the elimination of volatile products of the proc- 
ess gases and other contaminants that might contami- 
nate the process if they were to condense on the walls 
of cool vacuum passages and migrate back into the 
processing chamber during periods of no gas flow. 

The remainder of the gas mixture that is not depos- 
ited in a layer, including reaction products, is evacuated 
from the chamber by a vacuum pump (not shown). Spe- 
cifically, the gases are exhausted through an annular, 
slot-shaped orifice 16 surrounding the reaction region 
and into an annular exhaust plenum 17. The annular 
slot 16 and the plenum 17 are defined by the gap 
between the top of the chamber's cylindrical side wall 
15a (including the upper dielectric lining 19 on the wall) 
and the bottom of the circular chamber lid 20. The 360° 
circular symmetry and uniformity of the slot orifice 16 
and the plenum 17 are important to achieving a uniform 
flow of process gases over the wafer so as to deposit a 
uniform film on the wafer. 

From the exhaust plenum 1 7, the gases flow under- 
neath a lateral extension portion 21 of the exhaust ple- 
num 17, past a viewing port (not shown), through a 
downward-extending gas passage 23, past a vacuum 
shut-off valve 24 (whose body is integrated with the 
lower chamber wall 15a), and into the exhaust outlet 25 
that connects to the external vacuum pump (not shown) 
through a foreline (also not shown). 

The wafer support platter of the pedestal 12 (prefer- 
ably aluminum, ceramic, or a combination thereof) is 
resistively-heated using an embedded single-loop 
embedded heater element configured to make two full 
turns in the form of parallel concentric circles. An outer 
portion of the heater element runs adjacent to a perim- 
eter of the support platter, while an inner portion runs on 
the path of a concentric circle having a smaller radius. 
The wiring to the heater element passes through the 
stem of the pedestal 1 2. 

Typically, any or all of the chamber lining, gas inlet 
manifold faceplate, and various other reactor hardware 
are made out of material such as aluminum, anodized 
aluminum, or ceramic. An example of such a CVD appa- 
ratus is described in U.S. Patent 5,558,717. 

A lift mechanism and motor 32 (Fig. 1 A) raises and 
lowers the heater pedestal assembly 1 2 and its wafer lift 
pins 1 2b as wafers are transferred into and out of the 
body of the chamber by a robot blade (not shown) 
through an insertion/removat opening 26 in the side of 
the chamber 1 0. The motor 32 raises and lowers pedes- 
tal 12 between a processing position 14 and a lower, 
wafer- loading position. The motor, valves or flow con- 
trollers connected to the supply lines 8. gas delivery 
system, throttle valve, RF power supply 44, and cham- 
ber and substrate heating systems are all controlled by 
a system controller 34 (Fig. 1 B) over control lines 36. of 
which only some are shown. Controller 34 relies on 
feedback from optical sensors to determine the position 
of movable mechanical assemblies such as the throttle 
valve and pedestal which are moved by appropriate 



motors under the control of controller 34. 

In a preferred embodiment, the system controller 
includes a hard disk drive (memory 38), a floppy disk 
drive and a processor 37. The processor contains a sin- 

5 gle-board computer (SBC), analog and digital input/out- 
put boards, interface boards and stepper motor 
controller boards. Various parts of CVD system 1 0 con- 
form to the Versa Modular European (VME) standard 
which defines board, card cage, and connector dimen- 

w sions and types. The VME standard also defines the 
bus structure as having a 16-bit data bus and a 24-bit 
address bus. 

System controller 34 controls all of the activities of 
the CVD machine. The system controller executes sys- 

15 tern control software, which is a computer program 
stored in a computer-readable medium such as a mem- 
ory 38. Preferably, memory 38 is a hard disk drive, but 
memory 38 may also be other kinds of memory. The 
computer program includes sets of instructions that die- 
so tate the timing, mixture of gases, chamber pressure, 
chamber temperature, RF power levels, pedestal posi- 
tion, and other parameters of a particular process. 
Other computer programs stored on other memory 
devices including, for example, a floppy disk or other 

25 another appropriate drive, may also be used to operate 
controller 34. 

The interface between a user and controller 34 is 
via a CRT monitor 50a and light pen 50b. shown in Fig. 
1 E, which is a simplified diagram of the system monitor 

30 and CVD system 10 in a substrate processing system, 
which may include one or more chambers. In the pre- 
ferred embodiment two monitors 50a are used, one 
mounted in the clean room wall for the operators and 
the other behind the wall for the service technicians. 

35 The monitors 50a simultaneously display the same 
information, but only one light pen 50b is enabled. A 
light sensor in the tip of light pen 50b detects tight emit- 
ted by CRT display. To select a particular screen or 
function, the operator touches a designated area of the 

40 display screen and pushes the button on the pen 50b. 
The touched area changes its highlighted color, or a 
new menu or screen is displayed, confirming communi- 
cation between the light pen and the display screen. 
Other devices, such as a keyboard, mouse, or other 

45 pointing or communication device, may be used instead 
of or in addition to light pen 50b to allow the user to com- 
municate with controller 34. 

The process for depositing the film can be imple- 
mented using a computer program product that is exe- 

50 cuted by controller 34. The computer program code can 
be written in any conventional computer readable pro- 
gramming language: for example, 68000 assembly lan- 
guage, C. C++, Pascal, Fortran or others. Suitable 
program code is entered into a single file, or multiple 

55 files, using a conventional text editor, and stored or 
embodied in a computer usable medium, such as a 
memory system of the computer. If the entered code 
text is in a high level language, the code is compiled, 
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and the resultant compiler code is then linked with an 
object code of precompiled WindowsO library routines. 
To execute the linked, compiled object code the system 
user invokes the object code, causing the computer sys- 
tem to load the code in memory. The CPU then reads 
and executes the code to perform the tasks identified in 
the program. 

Fig. 1 F is an illustrative block diagram of the hierar- 
chical control structure of the system control software, 
computer program 70, according to a specific embodi- 
ment. Using the light pen interface, a user enters a proc- 
ess set number and process chamber number into a 
process selector subroutine 73 in response to menus or 
screens displayed on the CRT monitor. The process 
sets are predetermined sets of process parameters 
necessary to carry out specified processes, and are 
identified by predefined set numbers. The process 
selector subroutine 73 identifies (i) the desired process 
chamber and (ii) the desired set of process parameters 
needed to operate the process chamber for performing 
the desired process. The process parameters for per- 
forming a specific process relate to process conditions 
such as, for example, process gas composition and flow 
rates, temperature, pressure, plasma conditions such 
as RF power levels and the low frequency RF fre- 
quency, cooling gas pressure, and chamber wall tem- 
perature. These parameters are provided to the user in 
the form of a recipe, and are entered utilizing the light 
pen/CRT monitor interface. 

The signals for monitoring the process are provided 
by the analog and digital input boards of the system 
controller, and the signals for controlling the process are 
output on the analog and digital output boards of CVD 
system 10. 

A process sequencer subroutine 75 comprises pro- 
gram code for accepting the identified process chamber 
and set of process parameters from the process selec- 
tor subroutine 73, and for controlling operation of the 
various process chambers. Multiple users can enter 
process set numbers and process chamber numbers, or 
a user can enter multiple process set numbers and 
process chamber numbers, so the sequencer subrou- 
tine 75 operates to schedule the selected processes in 
the desired sequence. 

Preferably, the sequencer subroutine 75 includes a 
program code to perform the steps of (i) monitoring the 
operation of the process chambers to determine if the 
chambers are being used, (ii) determining what proc- 
esses are being carried out in the chambers being 
used, and (iii) executing the desired process based on 
availability of a process chamber and type of process to 
be carried out. Conventional methods of monitoring the 
process chambers can be used, such as polling. When 
scheduling which process is to be executed, sequencer 
subroutine 75 takes into consideration the present con- 
dition of the process chamber being used in comparison 
with the desired process conditions for a selected proc- 
ess, or the "age" of each particular user entered 



request, or any other relevant factor a system program- 
mer desires to include for determining scheduling prior- 
ities. 

Once the sequencer subroutine 75 determines 

5 which process chamber and process set combination is 
going to be executed next, the sequencer subroutine 75 
initiates execution of the process set by passing the par- 
ticular process set parameters to a chamber manager 
subroutine 77a-c, which controls multiple processing 

10 tasks in a process chamber 1 5 according to the process 
set determined by the sequencer subroutine 75. For 
example, the chamber manager subroutine 77a com- 
prises program code for controlling sputtering and CVD 
process operations in the process chamber 15. The 

is chamber manager subroutine 77 also controls execu- 
tion of various chamber component subroutines that 
control operation of the chamber components neces- 
sary to carry out the selected process set. 

Examples of chamber component subroutines are 

20 substrate positioning subroutine 80, process gas control 
subroutine 83, pressure control subroutine 85, heater 
control subroutine 87, and plasma control subroutine 
90. Those having ordinary skill in the art will readily rec- 
ognize that other chamber control subroutines can be 

25 included depending on what processes are to be per- 
formed in the process chamber 15. In operation, the 
chamber manager subroutine 77a selectively schedules 
or calls the process component subroutines in accord- 
ance with the particular process set being executed. 

30 The chamber manager subroutine 77a schedules the 
process component subroutines much like the 
sequencer subroutine 75 schedules which process 
chamber 15 and process set are to be executed next. 
Typically, the chamber manager subroutine 77a 

35 includes steps of monitoring the various chamber com- 
ponents, determining which components need to be 
operated based on the process parameters for the proc- 
ess set to be executed, and causing execution of a 
chamber component subroutine responsive to the mon- 

40 itoring and determining steps. 

Operation of particular chamber component sub- 
routines will now be described with reference to Fig. 1 F. 
The substrate positioning subroutine 80 comprises pro- 
gram code for controlling chamber components that are 

45 used to load the substrate onto pedestal 1 2 and, option- 
ally, to lift the substrate to a desired height in the cham- 
ber 15 to control the spacing between the substrate and 
the gas distribution manifold 1 1 . When a substrate is 
loaded into the process chamber 1 5, pedestal 1 2 is low- 
so ered to receive the substrate, and thereafter, the pedes- 
tal 1 2 is raised to the desired height in the chamber, to 
maintain the substrate at a first distance or spacing from 
the gas distribution manifold during the CVD process. In 
operation, the substrate positioning subroutine 80 con- 

55 trols movement of pedestal 12 in response to process 
set parameters related to the support height that are 
transferred from the chamber manager subroutine 77a. 
The process gas control subroutine 83 has program 
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code for controlling process gas composition and flow 
rates. The process gas control subroutine 83 controls 
the open/close position of the safety shut-off valves, and 
also ramps up/down the mass flow controllers to obtain 
the desired gas flow rate. The process gas control sub- 
routine 83 is invoked by the chamber manager subrou- 
tine 77a, as are all chamber component subroutines, 
and receives from the chamber manager subroutine 
process parameters related to the desired gas flow 
rates. Typically, the process gas control subroutine 83 
operates by opening the gas supply lines and repeat- 
edly (i) reading the necessary mass flow controllers, (ii) 
comparing the readings to the desired flow rates 
received from the chamber manager subroutine 77a, 
and (iii) adjusting the flow rates of the gas supply lines 
as necessary. Furthermore, the process gas control 
subroutine 83 includes steps for monitoring the gas flow 
rates for unsafe rates and for activating the safely shut- 
off valves when an unsafe condition is detected. 

In some processes, an inert gas such as helium or 
argon is flowed into the chamber 15 to stabilize the 
pressure in the chamber before reactive process gases 
are introduced. For these processes, the process gas 
control subroutine 83 is programmed to include steps 
for flowing the inert gas into the chamber 15 for an 
amount of time necessary to stabilize the pressure in 
the chamber, and then the steps described above would 
be carried out. Additionally, when a process gas is to be 
vaporized from a liquid precursor, for example, tetrae- 
thylorthosilane ("TEOS"), the process gas control sub- 
routine 83 is written to include steps for bubbling a 
delivery gas, such as helium, through the liquid precur- 
sor in a bubbler assembly or introducing a carrier gas, 
such as helium or nitrogen, to a liquid injection system 
When a bubbler is used for this type of process, the 
process gas control subroutine 83 regulates the flow of 
the delivery gas, the pressure in the bubbler, and the 
bubbler temperature in order to obtain the desired proc- 
ess gas flow rates. As discussed above, the desired 
process gas flow rates are transferred to the process 
gas control subroutine 83 as process parameters. Fur- 
thermore, the process gas control subroutine 83 
includes steps for obtaining the necessary delivery gas 
flow rate, bubbler pressure, and bubbler temperature for 
the desired process gas flow rate by accessing a stored 
table containing the necessary values for a given proc- 
ess gas flow rate. Once the necessary values are 
obtained, the delivery gas flow rate, bubbler pressure 
and bubbler temperature are monitored, compared to 
the necessary values and adjusted accordingly. 

The pressure control subroutine 85 comprises pro- 
gram code for controlling the pressure in the chamber 
1 5 by regulating the size of the opening of the throttle 
valve in the exhaust system of the chamber. The size of 
the opening of the throttle valve is set to control the 
chamber pressure to the desired level in relation to the 
total process gas flow, size of the process chamber, and 
pumping setpoint pressure for the exhaust system. 



When the pressure control subroutine 85 is invoked, the 
desired, or target, pressure level is received as a 
parameter from the chamber manager subroutine 77a. 
The pressure control subroutine 85 operates to meas- 

5 ure the pressure in the chamber 15 by reading one or 
more conventional pressure manometers connected to 
the chamber, to compare the measure value(s) to the 
target pressure, to obtain PID (proportional, integral, 
and differential) values from a stored pressure table cor- 
responding to the target pressure, and to adjust the 
throttle valve according to the PID values obtained from 
the pressure table. Alternatively, the pressure control 
subroutine 85 can be written to open or close the throt- 
tle valve to a particular opening size to regulate the 

15 chamber 15 to the desired pressure. 

The heater control subroutine 87 comprises pro- 
gram code for controlling the current to a heating unit 
that is used to heat the substrate 20. The heater control 
subroutine 87 is also invoked by the chamber manager 

20 subroutine 77a and receives a target, or set-point, tem- 
perature parameter. The heater control subroutine 87 
measures the temperature by measuring voltage output 
of a thermocouple located in pedestal 12, comparing 
the measured temperature to the set-point temperature, 

25 and increasing or decreasing current applied to the 
heating unit to obtain the set-point temperature. The 
temperature is obtained from the measured voltage by 
looking up the corresponding temperature in a stored 
conversion table, or by calculating the temperature 

30 using a fourth-order polynomial. When an embedded 
loop is used to heat pedestal 12, the heater control sub- 
routine 87 gradually controls a ramp up/down of current 
applied to the loop. Additionally, a built-in fail-safe mode 
can be included to detect process safety compliance, 

35 and can shut down operation of the heating unit if the 
process chamber 15 is not properly set up. 

The plasma control subroutine 90 comprises pro- 
gram code for setting the low and high frequency RF 
power levels applied to the process electrodes in the 

40 chamber 15, and for setting the low frequency RF fre- 
quency employed. Similar to the previously described 
chamber component subroutines, the plasma control 
subroutine 90 is invoked by the chamber manager sub- 
routine 77a. 

45 The above reactor description is mainly for illustra- 
tive purposes, and other plasma CVD equipment such 
as electron cyclotron resonance (ECR) plasma CVD 
devices, induction coupled RF high density plasma CVD 
devices, or the like may be employed. Additionally, vari- 

50 ations of the above-described system, such as varia- 
tions in pedestal design, heater design, RF power 
frequencies, location of RF power connections and oth- 
ers are possible. For example, the wafer could be sup- 
ported by a susceptor and heated by quartz lamps. The 

55 layer and method for forming such a layer of the present 
invention is not limited to any specific apparatus or to 
any specific plasma excitation method. 
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III. Depositing a Stable FSG Layer 

To form the insulating film according to the present 
invention, a wafer is loaded in vacuum chamber 15 
through a vacuum-lock door and placed onto pedestal 
1 2 ( Fig. 2A, step 200). The pedestal is then moved into 
processing position 14 (step 205). In processing posi- 
tion 14, the wafer is positioned about 300-600 mils from 
gas distribution manifold 11. 

Once the wafer is properly positioned, the wafer 
and pedestal are heated to a temperature of about 200- 
450"C and a process gas is introduced into the process- 
ing chamber from the gas distribution manifold (steps 
210 and 215). The process gas is a mixture comprising 
SiF 4 as the gaseous source of fluorine, SiH 4 as the gas- 
eous source of silicon, N 2 0 as the gaseous sources of 
oxygen, and No gas as the gaseous source of nitrogen. 

SiH 4 is introduced into the processing chamber at a 
lower flow rate of about 1 0-30 seem, and a upper flow 
rale of about 450-500 seem. SiF 4 is introduced into the 
processing chamber at a lower flow rate of about 5-15 
sccrn, and a upper flow rate of about 800-1000 seem. 
N 2 0 is introduced into the processing chamber at a 
lower flow rate of about 1 0-30 seem, and a upper flow 
rate of about 3800-4000 seem. N 2 is introduced into the 
processing chamber at a lower flow rate of about 100- 
300 seem, and a upper flow rate of about 2700-3000 
sccrn. In addition, helium (He) may be used as a carrier 
gas. If used, He is introduced into the processing cham- 
ber at a lower flow rate of about 10-30 seem, and a 
upper flow rate of about 2700-3000 seem. Of course, 
the above gases could be introduced into the chamber 
at flow rates in between the aforementioned upper and 
lower flow rates. 

The preferred ratio of N 2 to SiF 4 is between about 
4-5:1, with the preferred value being about 4.4:1. The 
preferred ratio of N 2 to SiH 4 is between about 3.2-4.5:1 , 
with the preferred value being about 3.8:1. In addition, 
the preferred ratio of N 2 to N 2 0 is between about 1 :1-3, 
with the preferred ratio being about 1 :2. 

The chamber is maintained at a pressure of about 
1 -6 torr (step 220), and the process gas is excited into a 
plasma state through the use of a single RF power sup- 
ply (13.56 MHz) at about 100-2000 W (step 225). The 
deposition rate of the process is at least about 1.5 
mm/min. The result of this high deposition rate process 
is a stable insulating film having a reduced dielectric 
constant 

As an alternative to step 215 where all constituents 
of the process gas are introduced simultaneously, pre- 
ferred embodiments of the present invention employ a 
strict sequence in which the constituents are intro- 
duced, tn these embodiments, SiF 4 is not introduced at 
step 215; instead, it is introduced when the wafer has 
been heated to the desired process temperature, which 
corresponds to step 225 when the RF power is turned 
on to strike a plasma. Such a process sequence mini- 
mizes reactions that may occur between SiF 4 and SiH 4 



before the plasma is initiated, thereby preventing the 
formation of HF before the plasma is initiated. Although 
the formation of HF during deposition (i.e., after the 
plasma has been initiated) helps reduce the amount of 

5 free or loosely bonded fluorine in the film, HF that 
formed before the plasma is initiated may become 
polarized when the plasma is initiated. When polarized, 
HF tends to form residue on the film thereby affecting 
the stability and adhesive characteristic of the film. 

io Hence, the above process sequence further improves 
the quality and stability of the film by eliminating the for- 
mation of HF residue on the film. 

Referring to Fig. 2B, in a preferred embodiment of 
the method of the present invention, the deposition 

is process includes four steps. As shown, the first process 
step is stabilization step 250, which includes steps 210 
to 220 of Fig. 2 A. After stabilization step 250 is deposi- 
tion step 260, which includes step 225 of Fig. 2A and 
the deposition of the film. In conventional methods, a 

20 pumping- off step 280, during which the RF power is 
turned off, the gas flow into the chamber ceases, and 
the gases in the chamber are pumped out of the cham- 
ber, follows deposition step 260. According to a pre- 
ferred embodiment of the method of the present 

25 invention, however, termination step 270 stops SiF 4 flow 
into the processing chamber 2-3 seconds prior to the 
stoppage of other gas flows into the chamber in pump- 
ing-off step 280. Tests have shown that some FSG films 
deposited in this manner exhibit no fluorine, HF, or H 2 0 

30 outgassing when heated up to at least 700°C. 

Stopping the SiF 4 flow into the chamber before 
stopping the other gas flows reduces the formation of 
loosely bonded fluorine on the surface of the film and 
thus further improves the stability of the deposited FSG 

35 film. FSG and other halogen-doped silicon oxide films 
deposited according to the present invention can 
include up to at least 7 percent SiF (as measured by 
Fourier transform infrared (FTIR) spectroscopy of the 
peak height ratio of SiF bonds to SiF+SiO bonds) and 

40 can incorporate up to at least 1 6 at. % fluorine as meas- 
ured using SIMS while exhibiting no significant fluorine, 
HF, or H 2 0 outgassing up to temperatures of at least 
475°C or 700°C depending on the deposition method 
employed as described above. The dielectric constant 

45 of the film is about 3.3-3.5 as measure by the C- V curve 
at 1 MHz in the metal insulator semiconductor (MIS) 
structure, and the deposition rate of the process is gen- 
erally between 1 .5 and 1.8 mm/min. 

Fig. 2C shows the effect of the various parameters 

so of the process on the doping efficiency, the deposition 
rate, and the quality of the film. It can be seen that as 
the pressure increases, the doping efficiency and the 
quality of the film also increase, while the deposition 
rate deceases. As the spacing between the substrate 

55 and the gas distribution center increases, the doping 
efficiency increases while the deposition rate and the 
quality of the film decrease. An increase in the high RF 
power corresponds to increases in the doping efficiency, 
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the deposition rate, and the quality of the film. In con- 
trast, an increase in the low RF power has no effect on 
the film. This is not surprising as the low RF power is 
ineffective in breaking up SiF 4 bonds. Hence, the 
present invention only uses the high RF power. 

Fig. 2C further shows that an increase in tempera- 
ture corresponds to an increase in the doping efficiency, 
the deposition rate, and the quality of the film. In addi- 
tion, as SiF 4 flow increases, the doping efficiency 
increases, since more fluorine is introduced. The depo- 
sition rate is unaffected (showing SiF 4 as being suitable 
for high deposition rate processes, since the increased 
fluorine content does not in turn etch the film more), and 
the quality of the film decreases (stability decreases as 
fluorine content increases). As shown, an increase in 
SiH 4 or N 2 0 corresponds to an increase in the deposi- 
tion rate. However, the doping efficiency and the quality 
of the film decreases. Hence, the addition of N 2 to the 
process is desirable as the quality of the film increases 
as N 2 flow increases. The deposition rate is unaffected 
with the increase of N 2 flow (since N 2 is an inert gas), 
while the doping efficiency decreases as N 2 flow 
increases. 

Although N 2 is the preferred source of nitrogen, 
other nitrogen sources such as ammonia (NH 3 ) may 
also be used in the process gas for reacting with the 
free or loosely bonded fluorine. It is believed that NH 3 
may be a more efficient nitrogen source than N 2 
because the hydrogens in NH 3 can also react with fluo- 
rine to form HF. Since HF is also a volatile gas, it may be 
pumped out of the chamber, along with NF 2 and NF 3 , 
during and after the deposition has completed. It is 
believed that N 2 0 is a less desirable nitrogen source 
because a relatively high amount of energy is required 
to break the NO bonds. Less energy is required to break 
the N 2 bonds for reaction with fluorine to form NF 2 or 
NF 3 . 

In a most preferred embodiment, a highly stable 
FSG film is deposited under the following preferred con- 
ditions: the chamber pressure is maintained at 3.7 torr, 
the spacing of the pedestal from the gas distribution 
center is 400 mil, SiH 4 is introduced into the chamber at 
a rate of 260 seem, NgO is introduced into the chamber 
at a rate of 3000 seem, N 2 is introduced into the cham- 
ber at a rate of 1 000 seem, and He is introduced into the 
chamber at a rate of 1000 seem. The process gas is 
then excited into a plasma state using a high RF power 
of 1500 W, and SiF 4 is introduced into the chamber at a 
rate of 225 seem. 

The physical characteristics of FSG and other halo- 
gen-doped silicon oxide films of the present invention, 
with their low dielectric constant, high deposition rate 
and high stability, make such films particularly useful as 
capping layers for an HDP CVD or spin-on-glass (SOG) 
low k gap fill layer in an IMD layer, and as insulating lay- 
ers in a damascene process. Referring now to Fig. 3A, 
an insulating layer 300 deposited as a cap layer accord- 
ing to the present invention is shown. Insulating layer 



300 is shown to be deposited over high density plasma 
(HDP) layer 320. As discussed, insulating layer 300 is 
stable, has good adhesive qualities and a low dielectric 
constant, and is deposited at a high deposition rate. 

5 Hence, it is suitable for use in a high throughput process 
as an IMD cap layer where subsequently deposited 
metal layers, including titanium layers, are deposited 
over the cap layer. High stability is required for such a 
layer or the fluorine within the layer could react with the 

io metal layer. The gap-fill capability of insulating layer 300 
in this application is not critical as HDP layer 320 has 
good gap-fill capability. 

In HDP-CVD reactors, inductively coupled coils are 
employed to generate the plasma under very low pres- 

is sure conditions (in the millitorr range). A plasma gener- 
ated by such an HDP-CVD reactor has an ion density 
approximately two orders of magnitude (or more) 
greater than the ion density of a standard, capacitively 
coupled PECVD plasma. It is believed that the low 

20 chamber pressure employed in HDP-CVD reactors pro- 
vides active species having a long mean free path. This 
factor, in combination with the density of the plasma, 
permits a significant number of plasma constituents to 
reach even the bottom portions of deep, tightly spaced 

25 gaps, and deposits a film with excellent gap-fill proper- 
ties. Also, argon or a similar heavy inert gas is intro- 
duced into the reaction chamber to promote sputtering 
during deposition. It is believed that the sputtering ele- 
ment of HDP deposition etches away deposition on the 

30 sides of gaps being filled, which also contributes to the 
increased gap-fill of HDP-deposited films. 

Similarly, insulating layer 300 may also be depos- 
ited as a cap layer over SOG low k film as shown in Fig. 
3B. As can be seen, a SOG low k film is deposited 

35 according to the following steps: liquid low k glass film is 
poured over the metal lines to fill the narrow gaps 
between the metal lines and spun to make the liquid film 
co-planar. The film is then baked to harden the film, and 
the portion of the SOG low k layer 330 above the metal 

40 lines is etched after the film has hardened. Insulating 
layer 300 is deposited as a cap layer over the metal 
lines after layer 330 has been etched, hence the gap-fill 
capability of insulating layer 300 is not critical. Insulating 
layer 300 is preferred as an IMD layer over SOG low k 

45 layer 330 as insulating layer 300 is more stable. SOG 
low k layer 330, being liquid in nature, contains more 
moisture than insulating layer 300 although it has been 
baked to harden. 

In another embodiment, the FSG layer of the 

so present invention may be used as insulating film 300 in 
a damascene process. Referring to Fig. 3C, in a 
damascene process, the insulating layer 300 is depos- 
ited first, and subsequently etched to allow the deposi- 
tion of metal layer 340 over the etched and un-etched 

55 portion of insulating layer 300. Metal layer 340 is then 
etched back to form metal lines 340. As shown in Fig. 
3D, insulating layer 300 may be deposited as a cap layer 
over metal lines 340. Alternatively, it may be an interme- 
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diate insulating layer, to be subsequently etched to 
allow deposition of additional metal layers. 

Figs. 4A-4L are test results that show the effect of 
increasing fluorine concentration in the insulating layer 
on tiie stability of the layer. The amount of fluorine in the 
films may be monitored using the refractive index (Rl) of 
the films. The higher the R I of the film, the lower the flu- 
orine content of the film. Fig. 4A shows the Fourier 
Transform Infrared (FTIR) spectrums for the different 
FSG layers deposited under the different SiF 4 flows. 
Fig. 4B shows the R I of the FSG film as a function of 
SiF 4 flow, and correlates the SiF 4 flow with the FTIR 
peak ratio. 

As shown in Fig. 4B, the Rl of the FSG film 
decreased as the fluorine flow increased, which trans- 
lates to an increase in the fluorine content of the film. As 
can be seen from Figs. 4A and 4B, the SiOF peak, 
which indicates the fluorine content in the film, 
increased as the SiF 4 flow increased from 100 seem to 
400 seem. The undesirable free or loosely bonded fluo- 
rine can be detected by the existence of the SiF 2 peak 
in the spectrum. Figs. 4A-4B show that under the condi- 
tions stated above, the maximum amount of fluorine that 
can be doped into the film, without the presence of SiF 2 , 
is 7% by FTIR peak ratio, which corresponds to an Rl 
value of 1 .406 and a SiF 4 flow of about 230 sccm. 

The effect of power, chamber pressure, and SiF 4 
flow on the efficiency of fluorine doping into the FSG film 
was studied based on 1 mm thick sample films prepared 
under the following conditions: the chamber pressure 
was maintained at about 3.7 torr, the spacing of the ped- 
estal from the gas distribution center was about 400 mil, 
SiH 4 was introduced into the chamber at a rate of about 
260 seem, N 2 0 was introduced into the chamber at a 
rate of about 3000 seem, N 2 was introduced into the 
chamber at a rate of about 1000 seem, and the process 
gas was excited into a plasma state at a high RF power 
of about 1 500 W. The rate at which SiF 4 was introduced 
into the chamber was varied from 100 to 300 seem, the 
power was varied from 700 to 1500 W, and the chamber 
pressure was varied from 3.5 to 5 torr. 

Fig. 4C shows the fluorine content of the film as a 
function of power and SiF 4 flow. As can be seen, the Rl 
of the film decreased as SiF 4 flow and power increased, 
hence, the fluorine content of the film increases as SiF 4 
flow and power increases. 

Fig. 4D shows the fluorine content of the film as a 
function of pressure and SiF 4 flow. As can be seen, the 
Rl of the film decreased as SiF 4 flow and pressure 
increased, but unlike power, this relationship is not lin- 
ear. At about 250 seem of SiF 4 flow, the fluorine content 
saturated and remained substantially constant regard- 
less of fluorine flow. 

Fig. 4E shows the Rl and stress of the 1 mm film 
over a 1 4 day period in the clean room. Since the Rl and 
stress of the film remained relatively constant, this 
shows that the film is stable. 

Rg. 4F shows the FTIR spectrums of the film after 



it was boiled in water for 30 minutes. Since the FTIR 
spectrum after the water test showed no formation of H- 
O-H bond, the spectrum shows that the film is stable. 
Fig. 4G further contrasts the stability of a film 

5 deposited with N 2 with one deposited without N 2 after 
the films have undergone the boil water test. As can be 
seen, the film deposited without N 2 is unstable as its 
FTIR spectrum showed the formation of H-O-H bonds at 
around 3350 cm-1. Hence, Fig. 4G confirms that the 

10 use of N 2 further improves the film stability. 

Rg. 4H shows the FTIR of the film before and after 
the film underwent annealing at 450 U C for 30 minutes. 
The annealing test was conducted for compatibility with 
the integration process. As shown in Fig. 4H, the Si-O-F 

15 peak did not change, i.e., the film did not lose fluorine 
content. Hence, the film is stable. 

In addition, to determine at what temperature the 
fluorine in the film started outgassing, the thermal des- 
orption spectra (TDS) was carried out. Fig. 4! shows the 

20 TDS of a film deposited without termination step 270. 
As shown, fluorine started outgassing at 475°C while 
HF started outgassing at 500°C. As shown by Fig. 4J ( 
which shows the TDS of a film deposited with termina- 
tion step 270, flourine and HF do not start outgassing 

25 until about 700°C. Since a TDS taken 14 days later 
showed the same result, this indicates that the FSG film 
deposited is stable. 

The film deposited according to the present inven- 
tion also has good adhesive characteristics. As men- 

30 tioned, termination step 270 reduces loosely bonded 
fluorine on the surface on the film. Hence, the film 
adheres well to various metal and dielectric layers, 
examples of which include aluminum, titanium, titanium 
nitride, tungsten, and dielectric anti-reflection coating. 

35 Fig. 4K illustrates this through pictures of a aluminum 
pattern wafer taken immediately after deposition, after 
boiling in water for 30 minutes, and after 3 days. As can 
be seen, the film has good adhesive characteristic as it 
showed no corrosion, cracking, or peeling after three 

40 days though it was boiled in water for 30 minutes. 

Finally, the uniformity of the amount of fluorine 
doped in the film was measured using the Rl value of 
the film, the SiOF/SiO peak ratio, and SIMS to deter- 
mine the fluorine amount throughout the film. As can be 

45 seen from Fig. 4L, the fluorine content throughout the 
film was consistent at 16 at. %. Hence, this test shows 
that the fluorine content of the film is consistent through- 
out the film. This in turn shows that the dielectric con- 
stant of the film is consistent throughout the film. 

so All the numerical values for the various gas intro- 
duction rates discussed above are based upon a resis- 
tively heated DxZ chamber outfitted for 200 -mm wafers 
and manufactured by Applied Materials. The use of 
other volume chambers or chambers made by other 

55 manufacturers may result in different gas introduction 
rates. 

Hence, the method of the present invention is not 
intended to be limited by the specific parameters set 
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forth above. Those of ordinary skill in the art will realize 
that different processing conditions and different reac- 
tant sources can be used without departing from the 
spirit of the invention. Other equivalent or alternative 
methods of depositing an insulating layer according to 5 
the present invention will be apparent to those skilled in 
the art. These equivalents and alternatives are intended 
to be included within the scope of the present invention. 

Merely by way of example, while the invention is 
illustrated with particular reference to a process using 10 
SiF 2 as a source of silicon and N 2 0 as a source of oxy- 
gen, it is possible to use other silicon sources, such as 
TEOS, and other oxygen sources, such as 0 2 , CO or 
others. The scope of the invention should, therefore, be 
determined not with reference to the above description, 15 
but instead should be determined with reference to the 
appended claims along with their full scope of equiva- 
lents. 

Claims 20 

1. A process for depositing a halogen-doped silicon 
oxide layer on a substrate in a substrate processing 
chamber, said process comprising the steps of: 

25 

introducing a process gas comprising a silicon 
source, an oxygen source, a halogen source in 
particular a fluorine source, and a nitrogen 
source into said chamber; and 
forming a plasma from said process gas to 30 
deposit said halogen-doped silicon oxide layer 
on said substrate said plasma being form pref- 
erably with a high frequency RF power of about 
100-2000 W at a frequency of about 13.56 
MHz. 35 

2. The process of claim 2 wherein the introduction of 
said halogen source into said chamber is stopped 
2-3 seconds before the termination of other gas 
flows into said chamber. 40 

3. The process of claim 1 or 2 further comprising the 
step of maintaining a pressure of about 1 -6 torr in 
said processing chamber, heating said substrate to 

a temperature of about 200-450°C. 45 

4. The process of claim 1 wherein said fluorine source 
comprises SiF 4 gas and is introduced into said 
processing chamber at a rate of about 5-1000 

seem. so 

5. The process of claim 4 wherein said SiF 4 gas is 
introduced into said processing chamber as said 
substrate reaches a desired process temperature. 

55 

6. The process of claim 2 wherein said silicon source 
comprises SiH 4 and is introduced into said semi- 
conductor processing chamber at a rate of about 



10-500 seem. 

7. The process of claim 11 wherein said oxygen 
source comprises N 2 0 and is introduced into said 
processing chamber at a rate of about 10-4000 
seem. 

8. The process of claim 12 wherein said nitrogen 
source comprises N 2 gas and is introduced into 
said processing chamber at a rate of about 1 0-3000 
seem. 

9. The process of any of the claims 1 to 8 further com- 
prising the steps of depositing a HDP gap fill layer; 
and depositing said FSG layer as a cap layer over 
said HDP layer, 

10. The process of any of the claims 1 to 8 further com- 
prising the steps of depositing a SOG low k film; 
and depositing said FSG layer as a cap layer over 
said SOG low k film. 

11. The process of any of the claims 1 to 10 wherein 
said FSG film is compatible for use in a damascene 
process as the insulation film. 

12. A substrate processing apparatus for carrying out 
the method of any of the claims 1 to 1 1 comprising: 

a processing chamber; 

a gas delivery system configured to deliver a 
process gas to said processing chamber; 
a plasma generation system configured to form 
a plasma from said process gas; 
a controller configured to control said gas deliv- 
ery system and said plasma generation sys- 
tem; and 

a memory, coupled to said controller, compris- 
ing a computer-readable medium having a 
computer-readable program embodied therein 
for directing operation of said substrate 
processing apparatus, said computer-readable 
program including: 

a first set of computer instructions for con- 
trolling said gas delivery system to intro- 
duce a process gas comprising a halogen 
source, a silicon source, a nitrogen source, 
and an oxygen source into said substrate 
processing chamber; and 
a second set of computer instructions for 
controlling said plasma generation system 
to form a plasma from said process gas to 
deposit a silicon oxide layer on a substrate 
in said chamber. 



20 
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